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Introduction
Heavy load carriage is common and often essential to physically demanding occupations such as wildland firefighting, search and rescue and many military trades. In such occupations, arduous work is common and may require traversing rough terrain and steep inclines while carrying heavy loads in a time-sensitive matter. Fitted backpacks are often used to carry external loads of mission-essential equipment. Load mass is usually "absolute" rather than scaled according to body mass, stature or sex. While individual occupations may require unique mission-specific forms of load carriage, absolute loads of 25 -30 kg are common (Knapik et al. 2004; Taylor et al. 2012; Epstein et al. 2013) .
It has been well documented that heavy load carriage increases physiological strain and decreases exercise tolerance in young, healthy males (Louhevaara et al. 1995; Phillips et al. 2016b) . Louhevaara et al. (1995) and Phillips et al. (2016b) investigated physiological responses and performance (test duration) during graded treadmill exercise in males with and without heavy load carriage. The load in the study by Louhevaara et al. was comprised of fire protective ensemble (26 kg) while in the study by Phillips et al., a weighted backpack (25 kg) was used. In both cases, peak physiological responses (e.g., oxygen uptake) were moderately reduced with much larger reductions demonstrated in exercise performance, indicated by test duration. Phillips et al. (2016b) reported that the difference in test duration (unloaded time minus loaded time) had a modest negative correlation with body mass. This observation suggests that heavier individuals may be more tolerant of work that involves carriage of heavy, absolute loads.
Thoracic load carriage with a backpack has been shown to alter pulmonary function and ventilatory mechanics during treadmill exercise at various durations and D r a f t Heavy load carriage in females. 5 intensities (Muza et al. 1989; Dominelli et al. 2011; Faghy and Brown 2014; Phillips et al. 2016a) . Collectively, these studies have reported that heavy load carriage altered breathing pattern and operating lung volume, and increased perceived exertion and breathing discomfort.
There is a relatively large body of work investigating physiological responses to load carriage however, almost exclusively in young males. For detailed reviews of sex differences and work performance readers are referred to Shephard and Bonneau (2003) , Epstein et al. (2013) and Roberts et al. (2016) . On average, females are smaller in mass, stature, lung volume and have lower functional capacity (Guennette et al. 2007; Epstein et al. 2013) and there are few reports of the effects of heavy load carriage in females.
Notable exceptions are studies by Ruby et al. (2003) and Taylor et al. (2012) . The former simulated an escape from a wildfire, with and without a 16 kg pack. While the transit time for both sexes was slower when carrying the pack, the effect was greater in females. Taylor et al. (2012) studied physiological responses and exercise tolerance during graded treadmill tests with and without fire protective ensemble (~20 kg) in both male and female subjects. Physiological responses to peak exercise in the loaded condition were only slightly reduced for both sexes. However, exercise tolerance was greatly reduced for both sexes and more so for the female subjects.
The purposes of this study were twofold. The first purpose was to investigate the effects of heavy load carriage (25 kg) on physiological responses and performance (e.g., treadmill duration) during graded exercise in females. The second purpose was to study components of ventilation (e.g., breathing pattern, operating lung volume, calculated deadspace and alveolar ventilation) and perceptual responses during prolonged exercise D r a f t Heavy load carriage in females. 6 with load carriage. Based on the results from our similar studies with males (Phillips et al. 2016 a and b) , we hypothesized that heavy load carriage would substantially reduce graded treadmill exercise performance (power output and test duration) with only small reductions in peak ventilation and oxygen uptake. We also hypothesized that heavy load carriage would increase minute ventilation and perceived exertion during prolonged fixed-intensity submaximal exercise and the relative responses would be similar to our previous work in males.
Methods

Subjects
Twenty-four healthy, active females with no known history of asthma, smoking or cardiopulmonary disease provided informed consent to participate in the study, which had been previously approved by the appropriate research ethics board at the University of Alberta. Subjects were first screened for vigorous exercise with the Physical Activity Readiness Questionnaire (PAR-Q+) and secondly by a physician for safe ingestion of a temperature-transmitting capsule. The complex actions of hormonal fluctuations during the menstrual cycle are known to influence resting body temperature and ventilation (England and Farhi 1976; Hessemer and Bruck 1985) . To minimize the effect of the hormones such as progesterone and estrogen on ventilatory responses to exercise, experimental trials were limited to the early follicular phase as reported by self-reported menstrual history (Lebrun et al. 1995; Guennette et al. 2007) . The participants wore properly sized and fitted backpacks (Arc' Teryx Bora 75, North Vancouver BC) filled to a consistent weight (25 kg) and volume for all loaded trials throughout the experiment.
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The control condition involved unloaded exercise. In both conditions, participants were dressed in shorts, t-shirt and running shoes.
Design
The study was completed in two parts. Part I (n=24) included two randomlyordered graded exercise tests to exhaustion in unloaded and loaded conditions. Part II (n=14) included three distinct experimental steps in the following order: (1) randomlyordered pulmonary function tests in both unloaded and loaded conditions, (2) practice of the experimental protocols and (3) randomly-ordered prolonged exercise trials in unloaded and loaded conditions. All tests were carried out in an air-conditioned laboratory (21-23° C) with low humidity (1-10 %).
Sex comparison
A subset of female subject data (n=7) from this experiment was compared to a subset of 7 males from a previously published experiment (Phillips et al. 2016b ). Male and female subjects from the two experiments were matched based on body mass and stature. Subsequent analysis compared differences in peak physiological responses and performance with and without a 25 kg pack between male and female data. It is important to note that data from both experiments were collected in the same laboratory following the same experimental protocols. while the ventilatory equivalent for carbon dioxide (V E /V CO 2 ) remained stable (Wasserman 1987) .
Graded exercise tests
A two-way breathing valve was used to collect expired gases (Hans Rudolph, Kansas City, MO, USA). Expired gases and ventilatory parameters were analyzed and calculated using a metabolic measurement system (TrueOne, ParvoMedics, Salt Lake City, UT, USA). The system was calibrated according to manufacturer's guidelines prior to each test. Calibration of the gas analyzers was verified immediately following each test. Heart rate was monitored continuously using telemetry and was recorded at the end of each minute (Polar Beat, Electro, Lachine, QC). After at least 24-hours of recovery, the subject completed the second graded exercise test in the alternate condition.
Power output during treadmill exercise was calculated using the equation: mass x speed x grade. The mass used included the mass of the subjects and, in the loaded condition, also the mass of the pack.
Resting spirometry
Each subject completed randomly-ordered resting pulmonary function testing (TrueOne, ParvoMedics, Salt Lake City, UT, USA) in both unloaded and loaded conditions to determine forced vital capacity (FVC), forced expired volume in 1 s (FEV 1 ), FEV 1 /FVC and peak expiratory flow rate (PEFR). Pulmonary function testing was performed according to the guidelines of the American Thoracic Society (Miller et al., 2005) . In order to assess the effect of the pack mass on pulmonary function, the maneuvers were completed while standing upright with minimal forward lean.
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Spirometry was completed before and after the first graded exercise test to rule out exercise-induced bronchoconstriction (EIB) (Miller et al. 2005) . No subjects were excluded from the experiment based on screening for EIB.
Prolonged exercise practice session
Prior to commencing the prolonged experimental trials, each subject completed a practice session, which accomplished several purposes. First, the exercise intensities (based on treadmill grade), determined from the results of the two graded exercise tests were evaluated to ensure that the oxygen demand of the loaded and unloaded conditions was satisfactorily matched (± 0.1 L·min -1 ). Second, the subject exercised for 20 minutes in each condition to evaluate tolerance for the planned experimental exercise challenges.
Third, the subject was fully oriented to all experimental procedures (e.g., measurement of inspiratory capacity during exercise, measurement of maximal voluntary inspiratory and expiratory pressures before and after exercise).
The specific exercise intensities for the prolonged trials were determined using linear regression; following previously reported methods (Phillips et al. 2016a) . For the loaded condition, the treadmill grade was set at 2% below the grade that elicited ventilatory threshold during the loaded graded exercise test. This V O 2 value (L . min -1 ) was considered the "target V O 2 " for the prolonged exercise trials. Linear regression established the relationship between absolute oxygen uptake and treadmill grade from the unloaded test, and subsequently, the regression equation was used to solve for unloaded grade that corresponded to the target V O 2 . Treadmill speed was the same during the graded exercise test and remained constant (1.5 m·s -1 ) throughout the prolonged exercise bouts for both conditions.
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Prolonged exercise trial
Subjects were randomly assigned to either the loaded or unloaded condition for the first experimental prolonged trial. During the protocol, subjects completed 45 minutes of exercise at a constant speed (1.5 m·s -1 ) and grade. As described above, the treadmill grade for each condition was pre-determined and verified during the practice to ensure that V O 2 was matched between conditions. Subjects completed a brief warm-up and cooldown before and after exercise. Open-circuit spirometry provided continuous measurement of respiratory gas exchange during the protocol. Inspiratory capacity maneuvers were completed at baseline and at 5-minute intervals during exercise.
Perceived exercise stress, breathing discomfort and leg fatigue was recorded at the conclusion of the first 5-minute measurement cycle and was repeated every 10 minutes throughout the experimental trial. Heart rate was recorded every minute and blood pressure was taken by auscultation at rest and at 5, 25 and 45 minutes of exercise.
Deadspace ventilation
Deadspace ventilation (V D ) was determined from the difference between minute ventilation and alveolar ventilation (V A ) as described by West (2000) . Alveolar ventilation was estimated using:
In this equation, K is a conversion factor used to adjust V CO 2 to body temperature and pressure. Due to the difficulty of determining arterial carbon dioxide partial pressure (P a CO 2 ), pressure of end-tidal carbon dioxide (P ET CO 2 ) was assumed to be equal to P a CO 2 (Stickland et al. 2013 ).
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End-tidal CO 2 was measured (R-1 pump, P-61B sensor and CD-3A CO 2 analyzer, AEI technologies Naperville, IL, USA) from a small port off of the mouthpiece collected through a drying line. End-tidal CO 2 data were recorded with a data acquisition system (Powerlab 8/35, AD Instruments, New South Wales, Australia) and stored for subsequent analysis.
Lung Volume
Changes in operating lung volume were estimated from measurements of inspiratory capacity (IC) taken at rest and at 5-minute intervals during exercise. An inspiratory pneumotach (ParvoMedics, Sandy, UT, USA) attached to the two-way breathing valve was used to measure inspired volume. End-expiratory lung volume was calculated by subtracting IC from FVC obtained at rest and it was assumed that total lung capacity did not change throughout exercise (Johnson et al. 1999) . End-inspiratory lung volume was then estimated by adding V T and EELV. Tidal volume was recorded in the minute leading up to the IC maneuver and then averaged. Changes in EELV and EILV were expressed as a percentage of FVC. The determination of operating lung volume is dependent on the correct performance and analysis of the IC maneuver. Subjects were given a verbal prompt to complete the IC maneuver up to total lung capacity. To improve the likelihood of valid and reliable results, each subject had extensive practice of the IC maneuver during the practice session prior to the experimental protocols. During analysis, volume was corrected for any pneumotachometer drift that may have occurred by selecting six breaths prior to the maneuver and zeroing expiratory volume (Johnson et al. 1999; Dominelli et al. 2011 ).
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Maximal voluntary respiratory muscle pressures
Maximal voluntary inspiratory pressure (MIP) and maximal voluntary expiratory pressure (MEP) were measured as indices of respiratory muscle strength before prolonged exercise and within 4 minutes of exercise completion. Maximal inspiratory and expiratory pressures were measured by having the subject produce a maximal inspiration or expiration through a mouthpiece into an occluded rigid tube (Phillips et al. 2016a) . A small leak (1 mm diameter) was used to prevent glottis closure. The tube was attached to a positive or negative pressure gauge (Cole Parmer Co, Stratford, USA). Measurement of MIP was initiated at residual volume (RV) and MEP at total lung capacity. Measurements were repeated until there were two maximal values within 5 cm H 2 O. It is well known that maximal volitional pressures are highly dependent on subject motivation and effort.
However, each subject had a comprehensive familiarization and numerous opportunities to practice the technique prior to the experimental trials.
Perceptual responses
Perceived exercise stress, breathing discomfort and leg fatigue were measured using three separate 11-point systems during the prolonged trial. The scales were anchored such that 0 represented "No exercise stress, breathing discomfort or leg fatigue" and 10 represented "Maximal exercise stress, breathing discomfort or leg fatigue." (Borg 1982; O'Donnell et al. 2000; Phillips et al. 2016a) .
Core temperature
Core temperature was monitored continuously by telemetry and recorded at 5-minute intervals during the prolonged experimental trials (VitalSense TM , Mini Mitter,
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Bend, OR). The temperature capsule was ingested 5 hours prior to the start of the experimental trial.
Data analysis
Data are presented as mean ± standard error (SE) unless otherwise indicated. For part I, student's t-test was used to detect any differences in ventilatory threshold and peak exercise data between conditions. Unpaired t-test analysis was used to compare variables of interest between female and male groups. Pearson Product-Moment correlation was used to examine relationships between variables of interest. For Part II, a two-way, repeated-measures analysis of variance was used to compare loaded and unloaded conditions on key dependent variables at rest and 5-minute intervals during the prolonged exercise trials. If a significant change or interaction effect was found, Tukey's post hoc was used to locate each difference. Student's t-test was used to detect any differences in pulmonary function, MIP and MEP data between conditions. All statistical analyses were performed using Sigma Plot Software version 12.0 (Systat Software Inc., Chicago, USA).
Significance was set a priori at P < 0.05. 
Results
Subject characteristics
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Resting pulmonary function
All subjects had normal lung function (FEV 1 >80% predicted) in the unloaded condition with no evidence of obstructive or restrictive patterns (Table 2 ). In the loaded condition, FVC and FEV 1 were significantly reduced when compared to the unloaded condition. Peak expiratory flow and the FEV 1 /FVC ratio were not different between conditions.
Graded exercise performance and physiological responses
The physiological responses to graded exercise are shown in Table 2 . In the loaded condition, both the absolute V O 2 and the V O 2 relative to total mass were significantly reduced at ventilatory threshold and peak exercise when compared to the unloaded condition. Minute ventilation was not different between conditions at ventilatory threshold and peak exercise although breathing pattern was affected at both physiological milestones (Table 2) . Power output in the loaded condition was significantly reduced by 41% at ventilatory threshold and by 20% at peak exercise compared to the unloaded condition. Test duration was decreased by approximately 39% in the loaded condition (Table 2 ). There were no significant correlations between selected indices of size, aerobic fitness or pulmonary function and the changes in V O 2 , minute ventilation and power output at peak exercise between loaded and unloaded conditions.
There was however, a significant moderate negative correlation between the change in test duration between conditions, and body mass (r= -0.44). Table 3 shows subject characteristics and selected metabolic and performance variables from the graded exercise tests in the subsets of females (n=7) and males (n=7).
Sex comparison
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Body mass and stature were identical between the groups, however, the males had higher peak V O 2 , minute ventilation and test duration with and without load carriage. The relative reductions in peak physiological responses and treadmill test duration under load were similar between the groups. throughout the exercise trials. Carbon dioxide production, core temperature and blood pressure were the same between conditions at every time point. Minute ventilation was significantly higher in the loaded condition throughout the experimental trial despite maintenance of alveolar ventilation (Fig 1) . The difference in minute ventilation between conditions became greater over time and was likely secondary to a progressive increase in deadspace ventilation in the loaded condition (Fig 1) . (Table 4) .
Prolonged exercise trial
Before prolonged exercise, there were no differences between conditions in MIP and MEP values (Table 5) . After loaded exercise, MIP was decreased (p<0.05) when compared to the pre-exercise value. There was no change in MEP values in either condition after prolonged exercise.
Discussion
Major findings
The principal findings of this study are threefold. First, in the loaded condition, peak absolute V O 2 and minute ventilation were only moderately reduced while much larger decreases in variables indicative of exercise performance (power output and test duration) were observed during the graded exercise tests. The reduction in loaded test duration, compared to unloaded, during graded exercise was moderately associated with body mass. Second, during 45 minutes of strenuous exercise with heavy thoracic load carriage, minute ventilation, perceived exercise stress and breathing discomfort were increased when compared to unloaded exercise at matched oxygen demand. Third, it appears the relative changes in physiological responses between thoracic loading and unloaded control conditions, from both graded and prolonged fixed-intensity exercise D r a f t tests in females are similar to previous work with males (Louhevaara et al. 1995; Taylor et al. 2012; Phillips et al. 2016a; Phillips et al. 2016b) . Present results suggest that with heavy load carriage, reductions in physiological responses at peak exercise were similar, regardless of sex. The reductions in graded exercise performance (e.g., power output and test duration) under load were also similar. The similar, modest negative relationships between the difference in test duration and body mass for both males (Phillips et al. 2016b ) and females (present data) suggest that work tolerance under load is moderately influenced by size for both sexes. Of note, between-sex comparisons are made cautiously as the male and female data came from separate experiments and the female sample size was rather small.
Part I Maximal exercise tests
Reductions in exercise performance and physiological maxima have been previously demonstrated in both males and females during graded treadmill exercise with load carriage consisting of fire protective ensemble weighing approximately 20 kg (Taylor et al. 2012) . However, our findings are the first to demonstrate these responses in females with heavy thoracic load carriage using a fitted backpack. Other researchers have suggested that the pack straps might contribute to restriction of chest wall expansion (Louhevaara et al. 1995; Eves et al. 2005) , however, with a correctly sized and properly fitted modern backpack, the load is located on the posterior aspect of the thorax, and much of the weight is borne by the hip belt. The resulting respiratory mechanics are likely quite different, and thus while posterior thoracic loading and chest wall strapping might have similar outcomes (e.g., attenuated ventilation) the underlying reasons may be D r a f t quite different. Although V O 2peak was slightly reduced with load in the current study, it is difficult to conclude that the reduction in peak oxygen uptake was secondary to attenuated exercise ventilation with thoracic loading. Breathing pattern at peak exercise was more rapid and shallow with the pack compared to the unloaded condition, which is suggestive of increased wasted ventilation. Additional research will be required to identify the mechanism(s) leading to decreased V O 2peak with heavy thoracic load carriage.
Logically, V O 2 should be slightly elevated while standing at rest under load, but the small change in V O 2peak suggests that 25 kg thoracic loading does not severely impair the physiological reserve (peak -baseline). During load carriage, there is an expected increase in metabolic rate in order to support the additional weight and lift it against gravity. The increased metabolic rate may be predicted (17 ml O 2 x load mass: see Taylor et al. 2012 ) however the effect is not constant and has been shown to increase with treadmill grade (Phillips et al. 2016b; Taylor et al. 2016) . The increased oxygen demand of load carriage will effectively lower the energy available for locomotion (Wang et al. 2004; Taylor et al. 2012) . Our results suggest that the decrease in treadmill performance under load is partially explained by how total oxygen consumption is partitioned into maintenance of internal function, locomotion and load carriage (Taylor et al. 2012) .
Although maximal exercise is not a common task in occupations such as infantry and firefighting, it is important to understand the potential performance limitations when carrying heavy loads during critical tasks such as search and rescue or emergency escape situations (Ruby et al. 2003) . 
Sex comparison
Results of the comparison of graded exercise test results in a subset of female subjects with a size-matched group of males (Phillips et al. 2016b ) revealed that, although males had higher V O 2peak and greater test duration, the relative reductions in test time and V O 2peak with load carriage were similar between groups (Table 3) . The large reduction in treadmill test duration under load appears to be at least partially explained by body mass in young females and is similar to previously reported associations between performance and body mass in males (Bilzon et al. 2001; Phillips et al. 2016b) . Present results are in agreement with previous work reporting lower aerobic power and work capacity during unloaded exercise in females, compared to males (McClaran et al. 1998; Guenette et al. 2007 ), however, we are the first to report the changes in performance with and without 25 kg thoracic load carriage. Our results suggest that body mass may be a stronger predictor of load carriage performance than sex because the change in test duration was the same for size-matched males and females. We recognize the limitation of such analysis and recognize that planned comparisons with greater statistical power are required to properly address these questions. Future research where large heterogeneous samples of males and females are systematically matched on variables such as mass, stature, total lung capacity or aerobic fitness would be helpful to better understand the implications of heavy load carriage on between-sex differences for male and female workers.
D r a f t
Part II Prolonged load carriage at matched oxygen demand
The findings in this investigation are important for understanding the ventilatory response to thoracic load carriage in females. There is previous work showing differences between females and males during unloaded exercise, however, adding thoracic load carriage can impose a new set of respiratory constraints (Muza et al. 1989; Guenette et al. 2007; Dominelli et al. 2011; Phillips et al. 2016a) . Although females have smaller lungs and breathe at lower absolute ventilation rates compared to males, females may require a larger relative recruitment of respiratory muscles to support exercise with thoracic load carriage and maintain alveolar ventilation. Guenette et al (2007) reported dramatically increased work of breathing in young trained females above ventilation rates of 60 L·min 1 , compared to males, during incremental unloaded cycle ergometer exercise. The authors suggested that the smaller airways of females may result in more turbulent flow and hence resistive work of breathing would be increased, at lower ventilation rates, to overcome this anatomical difference. In the current study, ventilation rates exceeded 60 L·min -1 under load at approximately 15 minutes of sustained treadmill exercise. Minute ventilation under load was always significantly higher than during the unloaded control and the difference between conditions increased over time throughout the exercise trial.
The increased minute ventilation was the result of an alteration in breathing pattern (more rapid and shallow) and was likely an adjustment to minimize the elastic work of breathing during sustained load carriage at a fixed treadmill speed and grade (45 min).
However, the progressive increase in deadspace ventilation, over time, furthered the increase in minute ventilation and also breathing discomfort. Previous research has D r a f t reported alterations in ventilatory responses during exercise in young females (McClaran et al. 1998; Guenette et al. 2007) ; however, we are the first to compare unloaded and loaded ventilatory responses during prolonged fixed intensity exercise. During the prolonged exercise trial V O 2 , core temperature and blood pressure were the same between conditions at every time point. This was an important methodological step in our experiment to ensure any observed alterations in ventilation under load were not the result of altered metabolic, thermal or hemodynamic state.
Although we did not measure intra-thoracic pressure, we suggest that work of breathing would logically have been elevated in the loaded condition. The 12% reduction in post-exercise MIP is suggestive of inspiratory muscle fatigue and is larger than our previous findings (7% reduction) in males using the same experimental protocol (Phillips et al. 2016b) . On average, the females in this study were smaller in size (mass, stature and lung volume) and it is possible the increased relative load, from the pack, contributed to the reduction in inspiratory muscle strength.
Breathing discomfort was increased in the loaded condition and is likely secondary to the increased minute ventilation during exercise. These findings have serious implications for emergency response and military occupations. If the work is time sensitive and prolonged exercise is required, the increased perceived exercise and breathing discomfort, secondary to increased ventilation could require adjustments in external work (speed and/or grade) and decreased occupational effectiveness.
Future research
The results from this study indicate that, although treadmill performance is greatly decreased, physiological maxima and the physiological reserve during graded exercise to D r a f t exhaustion are relatively well preserved during exercise with heavy thoracic load carriage in young females. Our previous study with male subjects revealed similar results. The modest influence of body size on exercise tolerance with heavy loads appears to be consistent for both sexes. However, these observations are made with caution because the subjects in both experiments were convenience samples. In order to fully explore this question, further research where males and females are matched on specific characteristic (e.g., mass, height, lung function, aerobic fitness) with larger sample sizes is required.
The altered ventilatory responses under load during prolonged exercise (Part II) suggest increased total work of breathing. These data are similar to previous load carriage studies with males (Phillips et al. 2016a 
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